Deep moist convection shows a tendency to organize into mesoscale structures. To be able to understand the potential effect of convective organization on the climate, one needs first to characterize organization. In this study, we systematically characterize the organizational state of convection over Germany based on two years of cloud-top observations derived from the Meteosat Second Generation satellite and of precipitation cores detected by the German C-band radar network. The organizational state of convection is characterized by commonly employed organization indices, which are mostly based on the object numbers, sizes and nearest-neighbour distances. According to the organization index org , cloud tops and precipitation cores are found to be in an organized state for 69% and 92% of the time, respectively. There is an increase in rainfall when the number of objects and their sizes increase, independently of the organizational state. Case-studies of specific days suggest that convectively organized states correspond to either local multi-cell clusters, with less numerous, larger objects close to each other, or to scattered clusters, with more numerous, smaller organized objects spread out over the domain. For those days, simulations are performed with the large-eddy model ICON with grid spacings of 625, 312 and 156 m. Although the model underestimates rainfall and shows a too large cold cloud coverage, the organizational state is reasonably well represented without significant differences between the grid spacings.
nearby environment, changes in near-cloud atmospheric stability and circulation feedbacks lead to a regularly distributed state. (Houze and Betts, 1981; Bretherton, 1988; . Different organizational states seem also to depend on the stage of the cloud life cycle with a tendency towards organization in the early stages of the cloud growth and in the dissipation phase, and a change towards either random or regular distribution in the mature stage (Nair et al., 1998) .
Diverse studies have investigated the impact of convective organizations on the mean state of the atmosphere Wing et al., 2017 give recent reviews). In the last 30 years the regional increase of rainfall over the Tropics has been attributed to the increase in the frequency of convective organization Tan et al., 2010) . In idealized simulations conducted for the same region, the vertical profile of heating appears strongly modified by the development of cloud clusters (Houze, 1981; Tselioudis et al., 2010) . Also, changes in the diabatic heating can modify the average large-scale atmospheric circulation (Hartmann et al., 1984) and feedbacks between convective organization and large-scale atmospheric state might ultimately impact the large-scale dynamics and the transport of water and energy (Tobin et al., 2012) .
Recently, idealized convection-permitting model simulations have shown that convection may spontaneously organize into large cloud clusters leading to a drier free troposphere, to more outgoing long-wave radiation and to shrinking of the upper-tropospheric cloud amounts (Bretherton et al., 2005; Bony et al., 2015; Wing and Cronin, 2016; Holloway and Woolnough, 2016) . This drew the attention of the scientific community to the questions: (a) can convective organizations lead to a negative climate feedback? and (b) how does the inability of current climate prediction models to explicitly resolve mesoscale organization (Moncrieff and Liu, 2006; Moncrieff, 2010) affect the prediction of future climate scenarios?
Motivated by the need of a thorough understanding of convective organization, one needs first to be able to characterize them. Previous studies have investigated convective organization in observations from either radar (e.g. Lopez, 1978; Cheng et al., 2018) or satellite (e.g. Zhu et al., 1992; Nair et al., 1998; Tobin et al., 2012; White et al., 2018) . However, we now systematically identify the organizational state of convective clouds by using both radar and satellite observations. We adopt commonly used organization indices to provide a first climatology of organization over Germany. In addition, we also evaluate convective organization in large-eddy model simulations to understand the effect of the model's grid spacing on the representation of organization. To that end, simulations conducted for selected days are evaluated by means of the organization indices.
The following section presents the observations, the model set-up and the selected cases of convection for model simulation. Section 3 describes a threshold-based segmentation algorithm for the detection of convective clouds needed for computing the organization indices as well as the organization indices themselves. Section 4 provides the climatology of organization indices and hence, of the organizational states, as well as the evaluation of the model's performance. Summary and conclusions are provided in Section 5.
DATA AND FRAMEWORK
We identify signatures of convective clouds for the extended summer seasons (April to September) of the years 2014 and 2015. Strong signals in radar reflectivities, which are associated with heavy rainfall, and low satellite brightness temperatures (BTs) that indicate higher cloud tops are used as proxies of convection and/or convective clouds. These datasets are described in details in Section 2.1. The model simulations are performed with the ICOsahedral Non-hydrostatic (ICON) model in large-eddy simulation (LES) mode (Dipankar et al., 2015; Heinze et al., 2017) , called ICON-LEM, with grid spacings of 625, 312, and 156 m. An overview of the synoptic situation for the selected simulated cases is given in Section 2.2 and the model configuration is described in Section 2.3. Section 2.4 provides a description of the model-derived radar and satellite data for model evaluation.
Observations
We use RX-and RY-Radolan composites based on measurements from up to 16 Doppler C-band radars covering Germany and operated by the German Weather Service (DWD) (Bartels et al., 2004) . The RX product is a 2D mosaic of the radar reflectivity based on the terrain-following precipitation scan. The dataset is provided by the DWD in a 900 km × 900 km grid with 1 km × 1 km resolution and is available every 5 min. The RY composite is the rainfall rate 2D mosaic obtained from the reflectivity after correction of orographic attenuation effects and the application of a variable -relationship based on precipitation type (Bartels et al., 2004; Weigl, 2015; DWD, 2018) . The spatio-temporal resolution is the same as in RX. Note, however, that although the German radar network has a good density and Radolan provides 1 km ×1 km products, the original observations have in many places a different spatial resolution. Due to the fact that each radar measures with a 1 • beamwidth, the original radar observations have a beamwidth of around 1 km at 60 km distance from each radar site (through simple considerations with 2 ∕360, where is the range). Therefore, the original radar measurements in many places have either a finer (range <60 km) or a coarser (range >60 km) resolution than the Radolan products.
In addition to observations related to surface rainfall, we utilize cloud-top observations from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) aboard geostationary Meteosat Second Generation (MSG) satellites operated by EUMETSAT (Schmetz et al., 2002) . The analysis only considers information from the infrared window channel with a central wavelength of 10.8 m (similar to the study by Rempel et al. (2017) ). This channel is located in the atmospheric window region and is only slightly influenced by the absorption of atmospheric gases (Schmetz et al., 2002) . Radiance measured at 10.8 m is converted into equivalent black body temperature, i.e. the BT. The observed BTs give a measure of the temperature at the cloud-top level for optically thick clouds. For semi-transparent cirrus clouds, BTs become warmer than the corresponding cloud-top temperature and include contributions from the atmosphere and clouds below as well as from the surface. Compared to the radar data, the infrared observations of MSG SEVIRI have a much coarser spatial resolution of roughly 4 km × 6 km over the studied domain and are available every 15 min.
For the purpose of this study we use the RX, RY and BT datasets with 30 min time step (0000, 0030, 0100, 0130, ..., 2330 UTC). Furthermore, we interpolate them with the nearest-neighbour method to a grid of approximately 1.2 km spacing (hereinafter referred to as a grid cell). This is the same grid cell of the remapped outputs of the ICON simulations used in this study and described in Section 2.3. were also analyzed by Brune et al. (2018) who investigated a complementary field-based approach for defining convective organization. Further details on the three cases are presented there. In the following, the synoptic conditions and principal organizational states are only briefly discussed. On 29 July 2014 a small upper-level cut-off low moved from southern France in a southeasterly direction towards northern Italy and the surrounding Mediterranean region. Several weak low pressure systems meandering around Germany led to only weak large-scale forcing. Weak winds blew from a southeasterly direction. The southern part of Germany was under the influence of the upper-level low resulting in an overcast situation. In the middle and northern parts of the country, fair weather prevailed and convection developed in the morning and started to intensify around noon. Organization occurred in the afternoon resulting in a bigger convective system in northeastern Germany (Figure 1a) . Overall, convective clusters were scattered across the country.
Synoptic situation
On 15 August 2014 an upper-level trough was stationary over Germany. The overall larger-scale forcing was weak. During the course of the day, two convergence lines crossed Germany. Overall light winds blew from a southwesterly direction. During the day a typical daily cycle of convection was observed with an increase in intensity and number of clusters from noon onwards. Clusters were scattered across the country and did not merge into multi-cell clusters (Figure 1b) . The clusters also remained shallower than on 29 July 2014.
On the other hand, on 4 July 2015 Germany was under the influence of stronger larger-scale forcing. Deep convective clouds producing showers over the North Sea ahead of a warm front moved eastwards until 1400 UTC. From about 1400 UTC onwards, deep convective systems were mainly located over central and northern Germany. A clustering towards a larger system covering the northern part of the country occurred around 1900 UTC (Figure 1c ). This cluster moved eastwards until midnight and ended covering large parts of eastern Germany. Overall, this day was characterized by highly organized explosive afternoon convection.
In the morning hours of the following day, 5 July 2015, deep convective large-sized clouds predominated over western Germany. In the afternoon, convection started mainly over the central and the northern part of the country triggered by a convergence line (Figure 1l ) ahead of a cold front. At around 1800 UTC, a second line of convection directly coming along the approaching cold front merged with the first line of convection. This day was characterized by highly organized line-like convection.
ICON-LEM
The ICON model includes three basic physics packages dedicated to numerical weather prediction, climate modelling and LES, respectively. In ICON the prognostic variables are solved on an unstructured triangular grid which is based on successive refinements of a spherical icosahedron (Wan et al., 2013; Zängl et al., 2015) . ICON-LEM was shown to successfully represent dry convective and cumulus-topped boundary layers in the idealized set-up of doubly periodic boundary conditions and flat surfaces (Dipankar et al., 2015) . Subgrid-scale turbulence is parametrized based on the diagnostic Smagorinsky scheme, including the modifications by Lilly (1962) to account for thermal stratification. The two-moment mixed-phase bulk microphysical parametrization of Seifert and Beheng (2006) is applied. Cloud fraction is diagnosed with a simple all-or-nothing scheme which does not account for fractional cloud cover at subgrid scales. The surface transfer scheme is based on Louis (1979) . The multi-layer land-surface scheme Terra (Heise et al., 2006) is used. Radiation is parametrized via the Rapid Radiation Transfer Model (Mlawer et al., 1997) . The ICON-LEM simulations performed for the four selected days used a limited-area set-up covering Germany (Figure 2) . Lateral boundary conditions are taken from the COSMO model of the DWD (COSMO-DE). A multi-nesting approach is used to perform high-resolution simulations over Germany. In each refinement step, the grid spacing is halved from 625 m to 312 m and finally to 156 m in the innermost domain. Note that the square root of the mean triangle area is used as estimation for the grid spacing. A total of 150 vertical levels is used with grid stretching towards the model top at 21 km. The minimal layer thickness is 20 m near the surface and the lowest 1,000 m encompass 20 layers. A fast-physics time-step of 3 s is used for the coarsest resolution which is halved with each refinement. The simulation initialized at 0000 UTC from the operational COSMO-DE (Baldauf et al., 2011) analysis covers 24 hr. The reason to initialize at midnight is that the model is already spun up by the time turbulence in the ICON model begins to develop during the morning and later when convection is usually strongest. The height-based terrain-following coordinate system used in the vertical is based on the smooth level vertical (SLEVE) coordinate implementation (Leuenberger et al., 2010) . At the lateral boundaries of the outer domain, the simulations are relaxed in a 20 km wide nudging zone towards COSMO-DE analysis at the synoptic times (0000, 0300, 0600, ..., 2100 UTC) and towards hourly COSMO-DE forecasts in between. A one-way nesting approach is chosen, which means that information is passed only from the coarser to the next finer grid. A complete description of the model configuration, the simulation set-up, and the model data is given in Heinze et al. (2017) .
For this study we remap the output of the three nested ICON simulations onto a regular latitude-longitude grid with approximately 1.2 km spacing (the so-called 3d_coarse outputs). These data are available from 0600 UTC onwards in 15 min output frequency for each simulated day. The overall analysis of observations and ICON simulations is limited to the intersection of the Radolan area and the area of the 3d_coarse dataset (Figure 2 ). The simulations of 4 and 5 July 2015 were performed on a grid slightly shifted to the east given the overall synoptic evolution on that day (Figure 2 ). 
Model-derived data
The model prognostic variables are not directly comparable to the radar and satellite observations. For evaluating ICON in the observational space, synthetic radar reflectivities and synthetic satellite BTs have to be derived from the simulation outputs by means of forward operators (Blahak et al., 2011) . We employ the non-polarimetric efficient modular volume radar operator (EMVORADO; Blahak, 2008; Blahak et al., 2011; Zeng, 2013; Zeng et al., 2016) to generate model-derived fields of radar reflectivity in offline mode. EMVORADO uses the two-moment bulk microphysical scheme (Seifert and Beheng, 2006) and requires the following model outputs for estimating radar reflectivity: temperature, pressure, rain mixing ratio, snow mixing ratio, specific graupel content, specific hail content, specific cloud ice content, specific cloud water content, specific humidity, number concentration cloud droplets, number concentration rain droplets, number concentration cloud ice, number concentration snow and geometric height at half level centre. The Mie-scattering theory is applied to compute the backscattering cross-sections of the hydrometeors and the use of look-up tables reduces the computing time (Jerger, 2014) . The reflectivity is computed based on all types of hydrometeors. Raindrops are simulated as water spheres, cloud ice and graupel as one-layer spheres of a mixture of ice/air or ice/water/air for partially melted particles and snowflakes are simulated as two-layer spheres with a denser core and less denser shell. The melting of ice categories is parametrized in EMVORADO (Bick, 2016) .
For the generation of synthetic BTs, we apply a satellite forward operator to the thermodynamic and hydrometeor content profiles from the ICON simulation output. The forward operator sequentially performs single-column radiative transfer calculations with the RTTOV model version 11 (Saunders et al., 1999) adapted to the spectral characteristics of MSG SEVIRI. Clear-sky radiances are calculated based on profiles of air pressure, temperature and humidity as well as several surface properties. For the computation of cloud-affected radiances, scattering and absorption properties of cloud particles are estimated from the hydrometeor mixing ratios. The configuration used has been applied operationally at the DWD for several years. For frozen hydrometeors, cloud ice and precipitating snow masses are simply added, and then the McFarquhar et al. (2003) scheme is applied to estimate the effective crystal sizes. This approach is similar to the SynSat method applied in earlier studies (e.g. in Keil et al., 2006; Senf et al., 2018 ) and the resulting model-derived BTs are ideally suited for a direct comparison with real satellite observations. The derived synthetic BTs typically have uncertainties in the order of several kelvins due to uncertainties in the specification of radiative properties of cloud particles (e.g. Senf and Deneke 2017 provide further discussion).
We apply the forward operators to the 3d_coarse outputs and generate the synthetic reflectivities and BTs at 30 min intervals (0600, 0630, 0700, 0730, ..., 2330 UTC).
METHODOLOGY
The threshold-based segmentation algorithm used to identify precipitation cores in the observed and model-derived reflectivities as well as cloud tops in the observed and model-derived BTs on the 1.2 km grid is described in Section 3.1. Section 3.2 presents a series of organization indices used to characterize the organizational state of convection.
Segmentation algorithm
The method is similar to a watershed algorithm widely used in image processing and treats the BT field as a topographic map considering the local minima as basins in the relief. These basins are filled up with water from below until a certain water level is reached. In regions where different sources meet, dams are built to keep these regions separate. Furthermore, we apply a split-and-merge algorithm that splits up filament connections within one object and merges objects that share a large interface. More details are provided in Senf et al. (2018) , including a list of parameters also chosen for the current study. For the reflectivity fields, the approach is slightly modified.
Since precipitation cores are associated with higher values of F I G U R E 3 Schematic representation of (a) the nearest-neighbour connectivity approach of org , where only the distance to the nearest-neighbour object is considered (arrows) and (b) the corresponding observed versus theoretical NNCDFs from 100 different trials (curves). reflectivity, the method considers the local maxima instead of local minima. The local maxima are considered to be mountains in the relief and are filled up with water from above until a certain level is reached. As for BT, dams are built to keep different regions separate and the split-and-merge algorithm is applied as well. For the segmentation, only reflectivities ≥ 30 dBZ and BTs ≤ 240 K are considered. Moreover, only radar and satellite objects with a minimum size ≥ 30 and ≥ 40 grid cells are used, respectively. Note that the detection of radar objects is performed independently of the satellite object detection.
Organization indices
Organized convection is hard to objectively define and may have different meanings depending on the application in mind. This has led to the definition of different organization indices in the past. Assuming a stochastic point process to describe the distribution of convective clouds, the spatial distribution of these points is important and can give information about the underlying physical mechanisms. Comparing nearest-neighbour (NN) distances against a reference distribution (e.g. from a Poisson process), one could on average assess if the organizational state of clouds tends to be either regularly distributed, randomly distributed or organized (e.g. Weger et al., 1992; Nair et al., 1998) . Moreover, as the organization of convective cloud elements can lead to larger-size clumps, it might be beneficial to incorporate the sizes or shapes of the individual clouds in a convective organization index White et al., 2018) . If the same cloud coverage is distributed over different possible cloud clump configurations in a limited domain, then the cloud number decreases for increasing clump sizes. Hence, also the cloud number could give information about organizational states. In the following description of organization indices, NN distances, object sizes and numbers will appear as integral parts of the respective definitions.
Nearest-neighbour connectivity index
The organization index org has been recently applied to large-eddy simulations to assess the characteristics of trade-wind cumuli (Seifert and Heus, 2013) and to convection-permitting simulations to analyze the role of entrainment for organization of tropical deep convection (Tompkins and Semie, 2017) . org is based on the NN connectivity approach (Figure 3a) and is able to classify the organizational states into organized, regularly distributed or randomly distributed. The objects are treated as discs (similar to Nair et al., 1998) and we use the edge-to-edge distance
of these discs as an extension of the NN distance concept, where ( , ) is the distance between object centroid positions and equ ( ) = √ ( )∕ is the equivalent radius of the th object with area ( ). In order to differentiate organization or regular distribution from randomness, the cumulative distribution function of the NN edge-to-edge distances (NNCDF) is compared to the NNCDF of theoretical objects randomly distributed in the same domain (Figure 3b ). The unknown theoretical NNCDF can be estimated by applying a spatial Poisson process approach (Seifert and Heus, 2013; Tompkins and Semie, 2017) . However, here we follow the methodology of Weger et al. (1992) and Nair et al. (1998) which takes into account the size of the objects and approximates the theoretical NNCDF by randomly distributing discs with the size distribution of the observed objects in the domain. If the observed objects have NN edge-to-edge distances similar to the randomly distributed discs, the organizational state of the observations is random as well. If the observed NN distances are smaller than the randomly distributed objects, the observations are organized, while if the NN distances are greater, the observations are regularly distributed. Through the comparison of the observed NNCDF with the theoretical NNCDF, org is computed as the area below the curve in the comparison graph (the filled area in Figure 3b illustrates the computation of one org ). A curve above the diagonal corresponds to org greater than 0.5 and implies organization, while a curve below the diagonal corresponds to org smaller than 0.5 and indicates regular distribution. A curve on the diagonal leads to org equal to 0.5 and the objects are randomly distributed. Especially for a small number of objects, a random distribution of discs may, however, be misinterpreted as organization or regular distribution. To differentiate organization from randomness with more accuracy, we proceed as follows: (a) estimate the theoretical NNCDF 100 times and compute 100 different org indices; (b) classify the organizational state as organized if the 2.5th org percentile (area below the lower dashed curve in Figure 3b ) is greater than 0.5, regularly distributed if the 97.5th org percentile (area below the upper dashed curve in Figure 3b ) is lower than 0.5; otherwise the scene cannot be differentiated from randomness.
All-neighbours connectivity indices
Another organization index first proposed by Tobin et al. (2012) is the simple convective aggregation index (SCAI), which compares the number of objects in the domain ( ) and the geometric mean distance ( 0 ) between the centroid positions of all possible pairs of objects (Figure 3c ) to the possible maximum number of objects that can exist in the domain ( max ) and the characteristic domain size ( ). This index reads
SCAI is therefore also interpreted as "the ratio of the degree of convective disaggregation to a potential maximal disaggregation" (Tobin et al., 2012) . We consider max equal to the number of grid cells of the analysis domain (filled innermost region in Figure 2 ) and use the southwest-northeast distance for L. In principle, the more organized, the lower the SCAI. However, this index has some limitations, since it is not scale-invariant, it is insensitive to the size of the objects (White et al., 2018) and it is not able to distinguish between organized, random and regular organizational states. Furthermore, it has been shown that SCAI is mainly dominated by the variability in (Rempel et al., 2017) which can lead to misinterpretations (Pearson et al., 2014; Rempel et al., 2017; Senf et al., 2018; White et al., 2018) .
In order to overcome some deficiencies of SCAI, White et al. (2018) proposed the convective organization potential (COP) index based on the hypothetical interaction potential between objects
and defined as
Larger objects located closer to each other increase COP (White et al., 2018 give more detail).
Since COP as well as org and SCAI are not defined for a single object, only scenarios with at least two objects are considered in this study.
2D shape index
In addition to the organizational state, we also quantify the dominant 2D shape of the objects. Shape indices have long been used in other research areas as for computer form identification (Duda and Hart, 1973) and urban morphology (Lo, 1980) . Maceachren (1985) and Xia (1996) use a perimeter-area measurement to investigate geographic shapes. We propose to apply this measure to identify the 2D shape of radar and satellite objects. The index shape is defined as
with the shape ratio ( ) for each object computed as
where ( ) is the actual perimeter of the object and eq ( ) = √ 4 ( ) is the perimeter of an equivalent area-equal disc. The perimeter ( ) is computed as the contour line through the centres of the border grid cells of the objects (van der Walt et al., 2014; Benkrid and Crookes, 2000) , where the grid cells are considered to be squared. Objects with ( ) between 0.5 and 1.0 are more compact than objects for which the ratio is between 0.0 and 0.5. shape is the mean of ( ) computed over the total number of objects and provides the average shape in the domain. An shape close to one indicates that the most representative shape in the domain is a disc, whereas for shape close to zero a line is the most representative shape.
RESULTS
In the following, Section 4.1 discusses the organizational state of observed cloud tops and precipitation cores for the extended summer seasons of the years 2014 and 2015. Section 4.2 examines potential relationships between the organizational state and the objects characteristics and Section 4.3 discusses changes in organization throughout the diurnal cycle. Finally, in Section 4.4 the simulations are evaluated against the radar and satellite observations for the four selected days in terms of their ability to represent organization.
How organized is convection over Germany?
In order to determine the organizational state of convection over Germany, we start our analysis by investigating the time series of the organization indices based on Radolan and Meteosat observations. Precipitation cores and cloud tops present a tendency towards organization as revealed in the time series of org (Figures 4a and 5a ). Considering both years and based on the org confidence interval (Section 3.2), precipitation cores are organized, regularly distributed and randomly distributed for 92.1, 0.4 and 7.5% of the time, respectively. For cloud tops, the frequency of each organizational state is different, i.e. organization, regular distribution and random distribution occur for 69.3, 0.6 and 30.1% of the time, respectively. The lower frequency of organized and the higher frequency of randomly distributed cloud tops is partly due to the smaller number of Meteosat objects and their larger areas (Figures 4f,  5f , 4c and 5c). In situations with only a few large objects, a broader org distribution is obtained and hence, even for rather organized objects, an organizational state significantly different from randomness can not be identified. The organizational state of precipitation cores is difficult to assess from cloud-top observations, and (Figures 4i and 5i) , as suggested by the low correlation between the Radolan and Meteosat median org of +0.15 in 2014 (Figure 4i Cloud tops present greater interaction potential (larger COP values) than precipitation cores (Figures 4b and 5b) , which is mostly attributed to the larger cloud-top areas (Figures 4c and 5c ), since on average the distances between the cloud-top centroids are similar to the distances between the precipitation core centroids (Figures 4d and 5d ). Although significant, there are low correlations for COP, 0 and object areas between Radolan and Meteosat (Figures 4j-l and 5j-l).
The strong dependence of SCAI on (compare Figures 4e  and 4f , and Figures 5e and 5f) as found in previous studies (Rempel et al., 2017; White et al., 2018) is reinforced by our investigation. Due to the fact that numerous precipitation cores can be embedded in clouds with large coverage, SCAI is larger for Radolan than for Meteosat objects. Between Radolan and Meteosat there is a correlation of +0.58 and +0.54 for and in 2014, respectively (Figures 4m-n) . This shows evidence that, although the number of Radolan and Meteosat objects is different, the increase in cloud-top number is associated with an increase in precipitation cores. However, this relationship is weaker in 2015 with a corresponding correlation of +0.36 and +0.34 for SCAI and N, respectively (Figures 5m-n) .
The dominant 2D shape of the objects varies between elliptical and circular (Figures 4g and 5g) , however with very low correlation between precipitation cores and cloud tops (Figures 4o and 5o) .
The impact of the organizational state on rainfall is assessed through the correlation between the total rainfall (Figures 4h and 5h ) and the organization indices. The total rainfall is computed as the area integral of the rainfall rates (RY-product) over the object areas and is hereinafter referred to as rainfall. No significant correlation with median org , COP and shape is found, however we observe positive correlations between rainfall and SCAI (+0.69), N (+0.72) and object areas (+0.52). Similar results have been shown by Tobin et al. (2012) , who found correlation between the number of objects identified in satellite BT data and the precipitable water.
From this first investigation, observations from two instruments (e.g. radar, satellite) reveal weak association in the organizational state between precipitation cores and cloud tops. Furthermore, although convection is more frequently organized than randomly or regularly distributed over Germany, organization does not seem to impact rainfall. Instead, rainfall increases with the increase in and in object areas independent of the organizational state. Motivated by these results, we investigate whether there are typical differences between organization, random distribution and regular distribution. To this end, we scrutinize in the next section the relationship between the org -based organizational states and the object characteristics, including the amount of rainfall. Furthermore, we investigate whether the organization indices org , SCAI and COP are able to consistently identify organization. 
Relationship between the organizational states and the object characteristics
In order to better characterize typical organized from non-organized states, we first address in this section the question whether differences in (a) the object characteristics and (b) rainfall can be identified between organization, regular distribution and random distribution. To this end, we classify the object areas, and rainfall for the extended summer period of both years 2014 and 2015 into the three org -based organizational states and calculate the conditional mean for each quantity (Figures 6a-c) . We compare the means of the object areas, and rainfall between organization and random distribution, organization and regular distribution and between random and regular distribution (Figures 6a-c) . For testing the null hypothesis of equal means in those comparisons, we perform the two sample -test for equal means (Snedecor and Cochran, 1989) at the 0.05 significance level. The statistical test is performed for Radolan and Meteosat separately. The scenarios for which the null hypothesis is rejected are described in the following. The precipitation cores are larger for organization than for the random distribution (Figure 6a ), while rainfall and are also the largest in organization (Figures 6b-c) . For cloud tops there are differences in their areas, and rainfall among all three organizational states (Figures 6a-c) . In contrast to precipitation cores, the largest cloud tops and rainfall are found for the random distribution (Figures 6a and 6c) . However, in agreement with precipitation cores, the largest number of cloud tops occurs in organization as well (Figure 6b ). The reliability of the results for cloud tops may be critical, as mentioned in Section 4.1, since the spatial distribution of fewer larger objects is harder to significantly discriminate from random distribution. Among the three organizational states, the regular distribution shows the lowest in both Radolan and Meteosat (Figure 6b) , with the lowest rainfall ( Figure 6c ) and small object areas (Figure 6a ). In summary, large is a clear characteristic of organization, whereas small features regular distribution. Large object areas are characteristics of both organization and random distribution, and rainfall again shows to be a reflection of either or object area.
The lack of relationship between rainfall and the organizational states of convection is reinforced by the analysis of rainfall intensity (Figure 6d ). For this investigation, we compute the rainfall intensity of Radolan and Meteosat objects
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Conditional mean value and error of the mean of the (a) object areas, (b) , (c) rainfall and (d) rainfall intensity produced by the Radolan (square) and Meteosat (circle) objects for organization, regular distribution and random distribution. The rainfall intensity is the sum of the rainfall rate of the object grid cells averaged over the total number of object grid cells in the domain. For the computation of rainfall intensity mean value, only scenarios with number of precipitation cores satisfying 2 ≤ ≤ 8 and areas between 40 and 1,500 km 2 are considered. For cloud tops, the included scenarios satisfy 2 ≤ ≤ 17 with areas between 60 and 16,000 km 2 (independently) at each time step (30 min). The rainfall intensity is computed as the sum of the objects grid cells rainfall rate (Radolan RY-product) averaged over the total number of objects grid cells in the domain. In order to limit the impact of the objects area and of on the rainfall intensity, we consider here only scenarios with similar and similar object areas throughout the different organizational states. Since the regular distribution shows the smallest and object areas, we limit the organized and randomly distributed scenarios also to similar and similar areas. Hence, scenarios with number of precipitation cores that satisfy 2 ≤ N ≤ 8 with areas between 40 and 1,500 2 are considered. For cloud tops, the scenarios need to satisfy 2 ≤ N ≤ 17 and the object areas need to be between 60 and 16,000 2 . Rainfall intensity of these scenarios is classified as function of the three organizational states, the conditional means are computed and the two sample -test for equal means is performed. Precipitation cores do not exhibit statistically significant difference between means among the three organizational states (Figure 6d ), suggesting that on average the intensity of rainfall produced by the clouds in similar scenarios ( , area) is not influenced by the organizational state. Note that, although Meteosat shows stronger rainfall intensity for the random distribution than for organization, this result may be more critical since rainfall intensity is estimated from radar data.
In a second step, we investigate whether there is a relationship among the different organization indices including their connections to rainfall and to object areas ( Figure 7 ) and whether they are able to characterize organization consistently. COP identifies higher degree of organization for org -based organization than for org -based random and regular distribution (Figure 7a) , that is, COP increases with org . For SCAI, the situation is different as the index exhibits a non-monotonic behaviour (Figure 7b ) increasing up to a maximum, where median org is around 0.75 for Radolan and 0.65 for Meteosat and decreasing again for larger org values. For median org lower than 0.5 (regular distribution) and median org greater than 0.8 (organization), SCAI indicates increase in the degree of organization. However, for org -based organization with median org between 0.5 and 0.8, for which COP also indicates an increase in the organization's degree (Figures 7a-b) , SCAI suggests less organization. The latter results from the fact that increases in those scenarios (not shown) and hence SCAI increases. Given that SCAI approaches organization focusing on and the distances between the object centroids, while I.org and COP consider also the size of the objects, some scenarios may be best characterized by the combined use of the three organization indices. We discuss this further in Section 4.4.3, where we evaluate the model simulations by means of the organization indices. The analysis of rainfall in combination with SCAI and the object areas as functions of org (Figures 7b-d ) is in agreement with the results of Tobin et al. (2012) and our results of the first part: rainfall is impacted by and by the object areas. Rainfall of Radolan objects increases as and object areas increase (rainfall in Figure 7c , SCAI in Figure 7b and object areas in Figure 7d for median org between 0.5 and 0.8). In contrast to Radolan, Meteosat objects show this behaviour for the random distribution (rainfall in Figure 7c , SCAI in Figure 7b and object areas in Figure 7d for median org between 0.4 and 0.6).
In summary, these investigations are in agreement with Tobin et al. (2012) and reinforce our results of the first part, that is, Radolan objects show increase in rainfall for organization due to the increase in and not due to increase in the rainfall intensity. In the next section we investigate whether the organizational state of precipitation cores and cloud tops exhibits a diurnal cycle. 
Diurnal cycle of organization
For assessing the diurnal cycle of organization indices and of object characteristics, we make certain that the phase of the diurnal cycle is robust across the days selected for compositing. To this end, we only use the days for which the maximum rainfall occurs between 1500 and 1800 UTC and it is at least a factor 2 greater than the minimum rainfall on that day (Figure 8 ). org and COP do not exhibit significant diurnal cycle (Figures 8a-b) in the organizational state, which is reinforced by 0 (Figure 8d) showing similar distance between object centroids on average in the course of the day. On the other hand, SCAI, and rainfall show a clear diurnal cycle (Figures 8e-f and 8h ) with noticeable increase in the number of objects and in rainfall after 1200 UTC. SCAI suggests decrease in the degree of organization which increases again after 1800 UTC. The cloud-top areas (Figure 8c ) and the 2D shape of precipitation cores (Figure 8g) show a rather slight diurnal cycle, however, in agreement with rainfall, i.e. rainfall increases after 1200 UTC, when the objects are larger and tending towards a more circular shape.
To summarize, the diurnal cycle of rainfall is in agreement with the diurnal cycle of . On the other hand, since SCAI is highly influenced by , and org and COP do not exhibit significant changes in the course of the day, we conclude that there is not enough evidence of a diurnal cycle in the organizational state of precipitation cores and of cloud tops.
In the next section, we evaluate the ability of synthetic reflectivities and BTs derived from the ICON-LEM simulation outputs to reproduce the Radolan and Meteosat observations. Moreover, we also evaluate the ability of the simulations to represent the sizes of the objects and their organizational states.
Model evaluation
During the course of the HD(CP) 2 project, ICON-LEM has been further developed including solutions for problems detected while analyzing first simulated days. Bugs in cloud microphysics (wrong homogeneous freezing rate, missing call of saturation adjustment), a wrong OpenMP call in the turbulence scheme and the underestimation of the surface momentum flux by an order of magnitude have been detected after this study was performed. It has not been feasible to re-simulate all days entering this study. However, to estimate the combined impact of these bugs, 29 July 2014 has been re-simulated with all the bugs fixed. The analysis (not shown) reveals only minor differences in the equivalent radius of the objects, in the rainfall rate and in the diurnal cycle of the organization indices obtained from the synthetic observations. Overall, we conclude that, despite using output from model runs with bugs in the code, the results we present here for the four selected days of convection are still reliable and insensitive to these bugs.
Model-derived reflectivity and brightness temperature
Synthetic datasets are generated by applying EMVORADO and the satellite forward operator to the outputs of ICON simulations with grid spacings of 625, 312 and 156 m (Section 2.4). Histograms of model-derived reflectivities, BTs and simulated rainfall rates of the detected objects are compared with the histograms of their observational counterparts averaged over the selected days (Figure 9 ). The frequency of occurrence is significantly underestimated by the model in all three grid spacings for most of the reflectivity and rainfall rate intervals (Figures 9a and 9c) , especially for rainfall rates lower than 16 mm/hr. The frequency of BTs between 212 and 240 K (Figure 9b ) is overestimated at all three grid spacings, whereas BTs lower than 208 K, which are related to very deep convection, are underestimated in their occurrence. Decreasing the ICON grid spacing from 625 to 156 m does not seem to provide systematic improvements in the representation of rainfall rates and cloud-top BTs, hinting towards deficits in the applied mixed-phase and ice microphysics parametrization.
Size of the objects
The size distribution of precipitation cores and cloud tops is reasonably well represented by the model-derived data (Figures 10a-b) . The most frequent precipitation cores observed in Radolan (Figure 10a ) with equivalent radii in the interval 3-5 km are overestimated in their occurrence by the model-derived data with 625 m and underestimated at finer grid spacings. On the other hand, the occurrence of objects with an equivalent radius greater than 5 km is underestimated at all grid spacings and no model-derived object is found in the maximum observed equivalent radius interval 70-90 km. The most frequent Meteosat cloud tops with equivalent radii in the interval 10-20 km (Figure 10b ) are overestimated in their occurrence. The best agreement between model-derived and Meteosat is found for objects in the equivalent radii intervals 20-30 and 70-100 km. The model overestimates the frequency of objects with equivalent radii greater than 100 km and, unlike Meteosat, simulates objects with maximum equivalent radii in the interval 300-400 km. As for the evaluation of reflectivity and BT, these results indicate no improvement in the representation of the object sizes by decreasing the grid spacing from 625 to 156 m.
Organization indices
For assessing the performance of ICON-LEM to represent the organizational states of convection, we compute the organization indices for the simulations and compare them with the indices computed for the observations. The model is able to reproduce similar organization indices, object areas, than for the events in 2014. These behaviours are well represented in the simulations without significant differences among the three grid spacings (Figures 11a-d) . For cloud tops, the observed organizational states vary between organization and random distribution (Figures 12a-d) and there is greater diurnal variability of org in 2015 than 2014. The model-derived org is not sensitive to the grid spacings either. However, in contrast to precipitation cores, the model shows lower performance in representing the diurnal cycle of cloud-top organizational states (Figures 12a-d) .
COP and SCAI (Figures 11e-l and 12e-l) show also evidence for higher degree of organization in precipitation cores and cloud tops during the events in 2015 (larger COP and smaller SCAI) than 2014. On 4 and 5 July 2015 precipitation cores and cloud tops are larger (larger COP), however, in smaller numbers (lower SCAI) than on 29 July and 15 August 2014, when the clusters are more scattered across the country (Figures 1a-b and 1i-j) . The more pronounced diurnal cycle of COP (and hence, of object areas) in 2015, especially for cloud tops, may explain the corresponding larger variability in org in 2015 than in 2014. The larger SCAI for the convective events in 2014, indicating larger , is in agreement with the corresponding smaller org , especially for precipitation cores. Compared to observations, the model-derived COP is best reproduced for situations with less pronounced diurnal cycle, for example, COP for precipitation cores is better represented than for cloud tops, especially for the events in 2015 (Figures 11g-h and 12g-h ). Regarding the number of objects, the model-derived SCAI suggests underestimation of the number of precipitation cores and overestimation of the number of cloud tops across all three grid spacings (cf.
Figures 11i-l and 12i-l). Notice that on 15 August 2014, the day with the smallest objects (Figure 1b ) among the selected days, different grid spacings show significant differences in SCAI for cloud tops (Figure 12j ) with improvement for the simulations with the finest grid spacing. However, for precipitation cores (Figure 11j ), the simulations underestimate SCAI and there is no significant difference in the performance across grid spacings.
In addition to the organizational states, the 2D shapes show particular differences between the events in 2014 and 2015 as well (Figures 11m-p and 12m-p) . For 4 and 5 July 2015, when the objects are larger and less numerous, the shapes vary between elliptical lines and more circular shapes ( shape between 0.3 and 0.9), whereas for the cases in 2014, when there are more and smaller objects more scattered across the country, the shapes tend towards being more circular ( shape ≈ 0.7). Simulations with 625 m grid spacing show an improvement over the finest grid spacings, which produce precipitation cores and cloud tops with lower aspect ratios than observed. Based on the investigated cases, shape seems to be the index with the highest sensitivity to the model grid spacings, especially for modelling cloud-top shapes (Figures 12m-p) . The coarsest considered This analysis also shows evidence that the combined use of the organization indices provides not only a better identification of the organizational state, but is also able to distinguish organization with fewer and larger objects (e.g. 4 and 5 July 2015) from organization with more and smaller objects (e.g. 29 July and 15 August 2014).
SUMMARY AND CONCLUSIONS
To better understand convective organization and ultimately to enable the development of new parametrizations in climate prediction models, we performed this study to characterize convective organization over Germany. Object-based techniques have been applied to radar reflectivity and to infrared satellite imagery and different organization indices have been calculated for two extended summer seasons. Furthermore, large-eddy resolving simulations have been performed for selected days and their ability to represent convective organization has been evaluated. The impact of the employed grid spacings, varying between 625, 312, and 156 m has been investigated as well. Based on our analysis, we conclude the following:
1. Convection is organized most of the time over Germany, i.e. cloud tops and precipitation cores are organized for 69% and 92% of the analyzed time period, respectively. However, the organizational state of precipitation cores is difficult to assess from clouds tops, and . The 2D shapes tend towards a more elliptical shape for more organized distributions and vary between elliptical and circular otherwise. 2. Rainfall increase is associated with the increase in the number of objects and in object areas independent of the organizational state and is in agreement with Tobin et al. (2012) , who also reported a correlation between the number of objects and precipitable water. 3. The number of objects and rainfall show a diurnal cycle, with noticeable increase after 1200 UTC, whereas there is no evidence of a diurnal cycle in the organizational state. 4. The large-eddy resolving simulations with grid spacings of 625, 312, and 156 m for the selected cases suffer from common biases that have been also experienced by others (Pearson et al., 2014; Machado and Chaboureau, 2015; Rempel et al., 2017; Senf et al., 2018; White et al., 2018) : underestimation of rainfall, overestimation of cold cloud coverage and a too large number of small cloud tops and precipitation cores. However, the simulated organizational state is comparable to the observations, especially for precipitation cores. The 2D shape-based index shape shows the highest sensitivity to the grid spacing among the investigated indices. Shapes of the cloud tops and precipitation cores derived from the simulations with 625 m grid spacing are closest to the observations, while finer resolutions lead to less realistic, too elliptic 2D shapes. On the other hand, there is also no improvement in the representation of rainfall rates and cloud top BTs through the decrease of the ICON grid spacing from 625 m down to 156 m, suggesting deficits in the applied mixed-phase and ice microphysics parametrization. 5. The use of a single organization index is not sufficient to fully characterize convective organization, since every index considers only a limited number of object characteristics. org is able to distinguish between organization, regular distribution and random distribution and is able to quantify this information for every single situation separately. Notwithstanding, it is challenging to identify further characteristics from it, such as object sizes and numbers. On the other hand, the latter are better represented in COP and SCAI, respectively, however COP and SCAI are not able to distinguish between the organizational states . Instead, they indicate if one situation is more or less organized than another one. They are therefore less suitable for the characterization of the organizational state of a single situation. 6. The combined use of org , COP and SCAI is able to distinguish organization with less numerous and larger objects from organization with more numerous and smaller objects in observations and simulations.
Since COP and SCAI have been found to be mostly influenced by the object areas and , respectively, we recommend the joint use of org , shape , object areas and for characterizing the organizational state of convection. This appears to be the most appropriate approach to investigate organization over a period of time as well as for the evaluation of model simulations. Although the use of observations from different instruments helps providing a more comprehensive characterization of organization, possible bias introduced due to distinct spatial resolutions of their measurements have not been considered in this study and is recommended for future investigations. As future work we also suggest the investigation of the temporal evolution of organization between radar and satellite observations as well as the characterization of radar objects based on the satellite-observed org organizational state, and . To elucidate the effect of convective organization on climate, further critical evaluations and a subsequent consolidation of indices for quantifying convective organizations is important as well.
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